Abbreviations-MAOS, microwave-assisted organic synthesis ; PfPNP : Plasmodium falciparum
Purine Nucleoside Phosphorylase.
-Introduction.
C-8 Arylpurine nucleosides are interesting chemical entities due to their potential as therapeutic agents and as tools for biomolecular applications, as recently reviewed [1] . These compounds are mostly synthesized by Suzuki or Stille cross-coupling processes starting from the corresponding 8- bromonucleosides. More recently a direct arylation reaction at position 8 of purine nucleosides has been described by two independent groups [2, 3] mediated by a Pd-Cu catalyst system with aryl iodides using an appropriate base. This reaction has been applied to the unprotected nucleosides to obtain C-8 aryl nucleosides in a single reaction step [2, 3] . Moreover the reaction works well with either electron-donating or electron-withdrawing aryl iodides allowing the introduction of different aryl substituents. This interesting synthetic procedure has been applied mostly to adenosine derivatives [2, 3] and has been scarcely explored for guanosine and inosine [4] .
Our research group has been involved in the synthesis and the biological evaluation of inosine nucleosides, and we have reported their behaviour as inhibitors of nucleoside-processing enzymes [5] as well as their capacity to inhibit new blood vessel formation [6] [7] [8] . Moreover it is well-known that inosine derivatives are interesting entities for evaluation against purine nucleoside phosphorylase, a key enzyme in the purine salvage pathway of humans and different pathogens [9, 10] . Among the latest, PNP from Plasmodium falciparum is probably the best studied target [11- when Farirlamb´s group applied these conditions to the arylation reaction of 2´-deoxyadenosine [4] , extensive breaking of the glycosidic bond was detected ascribed to the sensitivity of this bond to such high temperatures. Based on the higher stability of ribonucleosides compared to their 2´-deoxynucleoside analogues, we decided to assay microwave-irradiation for the synthesis of 2 applying lower temperatures. We were glad to see that the microwaved-reaction of 1 with 4-iodoanisole in DMF in the presence of Cs 2 CO 3 , CuI, Pd(OAc) 2 and piperidine at 120 °C for 1 h showed a clear conversion to the coupling product 2 with no detection of glycosidic bond cleavage.
However, the work-up procedure was found problematic. Removal of the metal salts was partially performed by filtration, but attempts to completely eliminate these salts by acid treatment as described by other authors led to extensive decomposition through breakage of the glycosidic bond.
In our hands, the solid isolated after filtration and subsequent chromatography was deeply coloured, probably indicating the concomitant presence of some metal salts. We were seriously concerned about the coexistence of metal containing by-products that might be a source of influencing and misinterpretation of the biological results. Indeed the use of copper salts, extensively applied in click chemistry, is being reconsidered when applied to the synthesis of compounds meant for biological screening, since such salts may have a clear impact on cellular events masking the real properties of the compounds [17] [18] [19] . Therefore, to assure the removal of any metal contaminants, the compound obtained after chromatography was extensively treated with Quadrasil MP in DMF overnight. Filtration of the resin afforded the 8-arylnucleoside 2 as a white solid in 52% overall yield.
The next step involved the removal of the isopropylidene group but the acid conditions required provoked partial breaking of the glycosidic bond generating a variable proportion of 8-(4-methoxyphenyl)hypoxanthine. The cleanest deprotection was observed by time-controlled treatment with a mixture of TFA/dioxane/H 2 O (4:1:1) at rt, and quenching with NH 4 HCO 3 . In this way, compound 3 was isolated in 98% yield.
6
The pathway step-up for the synthesis of 3 as a model compound was applied to the reaction of 1 with different aryl iodides. The results obtained are shown in Scheme 2. Thus reaction of 2´,3´-Oisopropylideneinosine (1) with a variety of aryl iodides (3-iodoanisole, 4-iodotoluene, 4(3)-trifluoromethylphenyl iodides) under microwave conditions (120 °C, 1h) using Cs 2 CO 3 , CuI, Pd(OAc) 2 and piperidine afforded the 8-arylinosines (4-7) in good yields. No significant differences were observed when employing electrondonating or electronwithdrawing groups at the aryl moiety, in agreement with that reported by other authors [4, 20] . The reaction also took place when an aryl bromide was used (i.e., 4-bromoanisole) but the yield was significantly lower than that obtained with the corresponding aryl iodide. In all cases, Quadrasil MP treatment was crucial to obtain a pure compound. Removal of the isopropylidene group in compounds 4-7 afforded the deprotected ribonucleosides 8-11 in good to excellent yields.
Based on these results, the reaction was extended to the synthesis of 4-pyridyl or 3-pyridyl 8-substituted inosines (Scheme 3). Thus reaction of 2´,3´-O-isopropylideneinosine (1) with 4-iodopyridine or 3-iodopyridine afforded the corresponding coupling products at position 8, 12 and 13, in 55 and 54% yields, respectively. Deprotection of the isopropylidene group provided the 8-pyridylinosines 14 and 15, in 78 and 69% yields, respectively.
Hydrolitic stability studies.
It has been described that 8-substituted purine nucleosides are more sensitive to acidic conditions than their non-substituted analogues [1, 21] and indeed we have experienced serious difficulties to remove the isopropylidene group by acid treatment without affecting the glycosidic bond. In this scenario, we considered relevant to determine the hydrolytic stability of the synthesised 8-substituted inosines at different pH values. The compounds were incubated at 37 °C in buffered solutions at three different pHs (1.2, 5.0 and 7.4) and the evolution was followed by HPLC at different time points (0, 1h, 4h and 24h). Compounds 3, 8-11, 14 and 15 were found to be completely stable in the buffer solutions at pH 5.0 and 7.4 up to 24 h (data not shown). Only at pH 1.2, the compounds suffer from the breakage of the glycosidic bond with half-lifes around 5 h ( Figure S1 in Supplementary data). Interestingly the two pyridyl derivatives 14 and 15 showed a higher stability with larger half-lifes (between 10 and 15 h).
Biological evaluation
The [12, 14] . Immucillins have been deeply investigated as transition state analogues inhibiting PfPNP and compounds such as 5′-methylthio-immucillin-H kills P. falciparum in culture [22] . More recently, another immucillin, DADMe-Immucillin-G, has been shown to kill the parasite in a primate animal model [14] . When tested against PfPNP using inosine as the natural substrate, compounds 8, 10 and 11 showed significant inhibitory activity against this enzyme in the low μM range (Ki = 8.1, 3.7 and 5.3 μM, respectively), with values quite comparable to the Km for the natural substrate inosine (Km = 5.9 μM) ( Table 1 ). Compounds 8, 10 and 11 were also investigated as potential inhibitors or substrates against human and prokaryotic (i.e. E. coli, Mycoplasma hyorhinis) PNP. When the compounds were evaluated as potential inhibitors of the conversion of enzymes. Also, no substrate activity was found under conditions where 100 µM inosine was converted to hypoxanthine by 96-98% within 1 hour. These findings point to a significant degree of selectivity of these compounds as specific anti-PfPNP agents. Unfortunately the compounds were devoid of significant inhibitory activity of growth of intraerythrocytic forms of the Plasmodium falciparum chloroquine-sensitive strain 3D7 when tested at 25 µM, while chloroquine in the same assay gave an IC 50 value of 5 nM. The lack of cellular activity may be due to inefficient uptake by the erythrocytes and/or the parasites in addition to limited intracellular efficacy. Specific uptake studies might provide more insights on this issue.
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Synthesis.
Melting points were obtained on a High-performance liquid chomatography (HPLC) analysis was performed using an Aligent Technologies 1120 Compact LC and an ACE5 C18-300 column (150x4.6 mm, 300Å). UV absorption was monitored at diode array. linear gradient to 100 % buffer A followed by equilibration at 100 % buffer A for 10 min.
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To study the phosphorolysis of the different compounds and inosine by PNPHyor, PNP Ecoli and human PNP (ProSpec, Rehovot, Israel) the compounds (100 µM) were exposed to the enzyme (20 nM PNPHyor and PNP Ecoli or 6 nM human PNP) and incubated at 37 °C in PNP buffer (50 mM MOPS; 0.2 mM EDTA; 200 mM potassium phosphate; pH = 6.5) in a total volume of 500 µL.
After 60 min, a 100 µL-fraction was withdrawn and subjected to HPLC analysis. For analysis of the inhibitory activity of the test compounds against PNP-catalysed hydrolysis of 100 µM inosine, the test compounds were added to PNP at 250 µM and hydrolysis of inosine to hypoxanthine was measured after 60 min incubation by the above-described HPLC analysis.
PfPNP inhibition assays.
The coding sequence of PfPNP was previously cloned in pET28a
and expression was performed in E. coli BL21 (DE3) cells, by induction with 1 mM IPTG at 37 ºC for 4 h. The purification was performed as previously described. [13] To monitor the reaction, the activity of the enzyme was coupled to the xanthine oxidase, that catalyze the oxidation of hypoxanthine to uric acid, whose appearance can be followed at 293nm (molar extinction coefficient for uric acid: 12.9 mM -1 cm -1 ). The reaction mixture to determine the activity contained 50 mM KH 2 PO 4 , pH 7.5, 60 mU xanthine oxidase, 25 nM (0.73 μg) PfPNP, and 25 μM inosine at 25 ºC in a final volume of 1 ml. For inhibition studies, the reaction rates were measured with variable inhibitor concentrations and inosine as substrate (25 μM) and at least five concentrations were tested.
Supplementary data.
Supplementary data associated with this article can be found in the online version. These data include MOL files, 1 H and 13 C NMR spectra of the most important compounds described in this article, and percentage of intact nucleosides in the function of time at pH=1.2. 
